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Ordered hexagonal arrays of Co nanowires (NWs) and nanotubes (NTs), with diameters between
40 and 65 nm, were prepared by potentiostatic electrodeposition into suitably modified
nanoporous alumina templates. The geometrical parameters of the NW/NT arrays were tuned by
the pore etching process and deposition conditions. The magnetic interactions between NWs/NTs
with different diameters were studied using first-order reversal curves (FORCs). From a
quantitative analysis of the FORC measurements, we are able to obtain the profiles of the
magnetic interactions and the coercive field distributions. In both NW and NT arrays, the
magnetic interactions were found to increase with the diameter of the NWs/NTs, exhibiting
higher values for NW arrays. A comparative study of the magnetization reversal processes was
also performed by analyzing the angular dependence of the coercivity and correlating the
experimental data with theoretical calculations based on a simple analytical model. The
magnetization in the NW arrays is found to reverse by the nucleation and propagation of a
transverse-like domain wall; on the other hand, for the NT arrays a non-monotonic behavior
occurs above a diameter of 50 nm, revealing a transition between the vortex and transverse
reversal modes.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794335]
I. INTRODUCTION
With the growing need for the miniaturization of sen-
sors, storage devices and biomedical chips, magnetic nano-
materials have gained much importance in the last years.1–3
Nanowires (NWs) and nanotubes (NTs) have thus received
increased attention, as they exhibit anisotropic (shape-de-
pendent) collective properties, such as photoluminescence,
conductivity, and magnetization.4 Most applications use
arrays of nanostructures, adding new degrees of freedom as
the importance of inter-element coupling increases. The abil-
ity to control the NW/NT dimensions (length, inner/outer
diameters, and wall thickness), the array configuration and
interwire distance, allows the tuning of different energies
(magnetostatic, magnetocrystalline, and exchange) to obtain
novel phenomena induced by nanoscopic confinement or
proximity effects.5–9
A thorough understanding of the magnetic properties of
NW and NT arrays with tailored geometries is of extreme
importance for their implementation in future applications.
In particular, new insights on the magnetostatic interactions
between nanoelements will highly influence the design of
improved devices using magnetic arrays. Interwire interac-
tions are known to affect the magnetic properties of NW and
NT arrays, particularly magnetization switching processes.
The ability to quantitatively study these interactions can pro-
vide an accurate understanding of magnetic nanoscopic
effects. A straightforward way of studying the magnetic
properties of a system is the analysis of major hysteresis
cycles. However, such information is not sufficient for a
complete understanding of magnetic interactions. Using the
same experimental set-up, but measuring multiple minor
hysteresis loops, the so-called first-order reversal curves
(FORCs), one can extract quantitative information on the
magnetic interactions of nanoelement arrays.10–12
Additionally, the ability to tune the magnetization rever-
sal modes of nanoelement arrays by external parameters, such
as the applied magnetic field, has also become attractive as it
improves the implementation and control of novel devices.
Depending on the geometrical specifications of the system
under study, three main modes of magnetization reversal have
been previously identified: coherent mode (C), where all mag-
netic moments rotate homogeneously; transverse mode (T),
where spins rotate progressively by the nucleation and propa-
gation of a transverse-like domain wall (DW); and vortex
mode (V), where a vortex-like DW nucleates and propa-
gates.13 In recent reports a simple analytical model has been
proposed to understand the magnetization reversal processes
by predicting the variation of the coercivity with the angle of
applied external magnetic field (H) and allowing the under-
standing of the magnetization reversal processes for NW and
NT arrays with different geometrical parameters.13–15
Nanoporous alumina templates (NpATs) have been
extensively used for the growth of NWs and NTs as they
offer the possibility to build ordered arrays of aligned nano-
structures and the ability to easily control the required
dimensions by changing the anodization conditions.16,17
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concentration and temperature, one can easily obtain ordered
hexagonal arrays of nanopores with diameters between 20
and 200 nm and interpore distances in the range of
60–500 nm.18 The thickness of the NpATs can be tuned from
a few nanometers to hundreds of micrometers by varying the
anodization time.
Several methods can then be used for the growth of
NWs and NTs inside the nanopores of the templates, includ-
ing sol-gel filling, atomic layer, and electrochemical
depositions.19–21 For the fabrication of large arrays of metal-
lic NWs and NTs, potentiostatic electrodeposition in NpATs
has proved to be a low cost and high yield technique.22
Varying the deposition conditions (time, applied potential
and electrolyte temperature, pH, and concentration), we can
also tune the crystallographic structure and metal alloy com-
position, changing the respective physical response.23,24
Additionally, the accurate coating of the metallic contact
(cathode) at the bottom of the pores, where the deposition of
the nanostructure initiates, allows the controlled formation
of NWs or NTs.25
In this work, ordered hexagonal arrays of Co NWs and
NTs, with diameters between 40 and 65 nm, were fabricated
by template assisted electrodeposition using NpATs. FORC
measurements were performed with H along the wire axis,
allowing us to obtain quantitative results on the magnetic
interwire interactions in NW and NT arrays. These were
found stronger in the NW case, increasing with the diameter
for both NW and NT arrays. Magnetization reversal modes
were also studied for both NW and NT arrays measuring the
angular dependence of the coercivity and comparing the ex-
perimental data with theoretical analytical calculations. We
found that the magnetization in NW arrays reverses by the
nucleation and propagation of a transverse DW. In the case
of NT arrays, we find a critical diameter of 50 nm above
which magnetization reverses by a vortex DW.
II. EXPERIMENTAL DETAILS
NpATs were prepared by a two-step anodization process
of high-purity Al (99.999%) disks.16 Prior to anodization, Al
disks were cleaned in acetone and ethanol, and electropol-
ished in a solution of 75% ethanol and 25% perchloric acid
by applying 20V for 2min.26 The subsequent anodization
processes were performed in 0.3 M oxalic acid at 40V,
maintaining the electrolyte temperature at 4 C. To obtain
ordered hexagonal nanopore arrays first anodizations were
performed for 24 h. The alumina was then removed by
chemical etching in an aqueous solution of 0.2 M H2CrO4
and 0.4 M H3PO4 at 60
C, and second anodizations
were performed using the same conditions as the first ones,
but only for 20 h, producing membranes with  50 lm
in thickness.22 The obtained NpATs had pore diameters of
d  3564 nm and interpore distances of Dint  10263 nm.
For the subsequent pore filling of the NpATs using poten-
tiostatic electrodeposition, a circle with 1 cm in diameter
was opened on the template backside, by chemically etching
the Al substrate in an aqueous solution of 0.2 M CuCl2 and
4.1 M HCl at room temperature. The alumina barrier layer
present at the bottom of the nanopores was then removed by a
controlled chemical etching using 0.5 M H3PO4. Tuning the
time and temperature of this last process allowed us to obtain
final nanopore diameters of d  (40, 50, and 65) 6 4 nm. For
diameters of d  50 and 65 nm, the alumina membranes were
submerged in 0.5 M H3PO4 at 19
C for 2 and 3 h, respec-
tively. To obtain the smaller pore diameters (d  40 nm), the
solution of 0.5 M H3PO4 was left in contact only with the bot-
tom of the membranes, at 70 C, for around 10min. Finally,
an Au metallic contact was sputtered at the opened nanopores
side of the NpATs to serve as the working electrode in a
three-electrode cell. For the fabrication of NWs, a continuous
Au film (120 nm in thickness) was sputtered at the nano-
pores’ bottom, to completely close its opened end. For the
growth of NTs, a thinner metallic contact (60 nm) was sput-
tered, as not to completely close the bottom of the pores,
allowing the electrochemical growth of a tubular structure
throughout the nanopores.25 A Pt mesh was used as the coun-
ter electrode and Ag/AgCl (in 4 M KCl) as the reference elec-
trode (0.197V vs. standard hydrogen electrode).
The electrodepositions were performed in an aqueous
solution of 0.89 M CoSO4  7H2O and 0.49 M H3BO3, at
30 C, and applying a constant potential of 1.5V vs. Ag/
AgCl, using a Solartron 1480 MultiStat. For the NWs the
depositions were performed during 1min, giving wires’
lengths of L  1:7, 3.0, and 6.5 lm for d  65, 50, and
40 nm, respectively. While for the NTs the deposition times
varied from 1 to 4min, resulting in NTs’ lengths of L  20,
50, and 40 lm for d  65, 50, and 40 nm, respectively.
Morphological characterizations were performed using a
scanning electron microscope (SEM; FEI Quanta 400FEG).
Prior to bottom SEM imaging, ion milling was performed to
remove the Au contact (200 nm) and smoothen the NpAT
surface. The milling process was carried out using an ion
beam sputter deposition system by Commonwealth Scientific
Corporation.21 The angular dependent magnetic hysteresis
loops and FORC measurements were performed in a vibrat-
ing sample magnetometer (VSM; LOT-Oriel EV7) at room
temperature. For all the magnetic measurements, the samples
were saturated under a maximum applied magnetic field of
15 kOe.
III. RESULTS AND DISCUSSION
Ordered hexagonal arrays of Co NWs and NTs with
diameters of d  (40, 50, and 65)6 4 nm, NT wall thick-
nesses of t  116 2 nm, and aspect ratios (length/diameter)
higher than 20 were obtained by electrodeposition inside the
nanopores. Figure 1 shows bottom (after 200 nm ion milling)
and cross-sectional SEM images of selected samples of Co
NW and NT arrays in NpATs, evidencing the high order of
the hexagonal array and the pore filling uniformity. In partic-
ular, Figs. 1(a) and 1(b) correspond to two ordered NW
arrays with different diameters and equal interpore distances,
illustrating the control of the interwire spacing by adjusting
the NWs diameter. The cross-sectional SEM image pre-
sented in Fig. 1(c) evidences the homogeneity of the pore
filling and the uniformity of the NWs structure along the
pore walls. Finally, Fig. 1(d) shows a SEM image of the bot-
tom of a NpAT filled with Co NTs, after ion milling etching,
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illustrating the NT shape formed inside the nanopores. Note
that, when the Co NTs are removed from the NpAT we
observed a fast oxidation process that prevented us from
obtaining clear transmission electron microscopy (TEM)
images. However, when analyzing the TEM images of simi-
larly fabricated Ni NTs,27 a tubular structure with uniform
walls can be found throughout the tube, and thus a similar
structure is expected to be also produced when electrodepo-
siting Co NTs.
A. First order reversal curves
Aiming the accurate understanding of the magnetic
interactions in Co NW and NT arrays, we measured FORCs.
Although major magnetic hysteresis loops can give informa-
tion on the coercivity, remanence, and saturation fields of a
magnetic system, they will only describe its global (average)
behavior. When studying an array of smaller entities (NWs,
NTs, nanodots, or nanoparticles) it becomes vital to under-
stand the interactions between the individual particles as
they affect the behavior of the array. The FORC method has
proved to be an effective way to characterize magnetic inter-
actions and magnetization reversal in nanomagnet
arrays.28–31,41
To obtain FORCs one first has to saturate the sample
applying a large positive magnetic field. Then, we lower H
to the so-called reversal field Hr (not yet sufficient to saturate
the sample in the negative direction), and measure the
magnetization M as a function of H, varying H from Hr to
the positive saturation field value. This procedure is then
repeated in increasing steps of Hr, until a complete set of
FORCs is obtained (insets of Fig. 2). The FORC distribution
is then given by the mixed second derivative of M(H, Hr)
10
qðH;HrÞ ¼  1
2
@2MðH;HrÞ
@H@Hr
ðH > HrÞ: (1)
According to the classical Preisach model, the FORC
distribution can be seen as a statistical distribution of square
hysteresis curves with coercivity Hc and bias field Hu, called
mathematical hysterons.10 Various models have been
recently developed for the interpretation of FORC results
applied to arrays of nanowires.11,28,30,32 These models then
enable one to extract quantitative information on the coerciv-
ity distribution of individual nanowires, interaction field at
saturation, and obtain insights into the magnetization rever-
sal mechanism. For a better interpretation of the FORC
measurements, it is usual to plot the FORC diagram as a con-
tour plot of the FORC distribution (Fig. 2), with a color scale
from minimum (blue) to maximum (red).12 It is also conven-
ient to define a new set of coordinates (Hc, Hu), that will cor-
respond to the coercive field and interaction field axis,
respectively, as follows:
Hc ¼ H  Hr
2
; Hu ¼ H þ Hr
2
: (2)
FIG. 1. SEM [(a), (b), and (d)] bottom
(after 200 nm milling) and (c) cross-
sectional images of Co [(a), (b), and (c)]
NW and (d) NT arrays in NpATs
with (a) d  50 nm and [(b), (c), and (d)]
d  40 nm and Dint  102 nm.
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Figure 2 shows the FORC results obtained in NW and
NT arrays with different diameters and the same center-to-
center wire/tube distances, and H parallel to the long axis.
From the overall analysis of the FORC results of all samples,
one can observe an increase of the FORC distribution along
the Hu axis as the diameter increases. This can be ascribed to
the increase of magnetostatic interactions among the NWs/
NTs as their diameter increases and the distance between
them decreases. The half-width of the FORC distribution
along the Hu axis (DHu) can be used as an estimative value
of the interaction field between the NWs/NTs at saturation.
For most NW array systems, the maximum observed in the
FORC diagram can be associated to a good approximation
with the average value of the NW coercivity (HFORCc ).
28
However, for small diameters (d  40 nm) we found a high
coercivity distribution along the Hc axis. In these cases the
maximum value of the FORC diagram cannot be associated
with HFORCc as previously reported.
11,29
From the quantitative analysis of the FORC measure-
ments, we calculated HFORCc and the magnetic interactions
(DHu) between the NWs/NTs. Keeping the distance between
the NWs/NTs centers constant, we see that DHu increases
with increasing diameter, due to the increased proximity of
the neighboring NWs/NTs walls (Fig. 3).30 Additionally, the
magnetic interactions are found much stronger between
NWs than between NTs. However, lowering the NW/NT di-
ameter down to 35 nm, while keeping the interwire dis-
tance, should already lead to a similar behavior for both NW
and NT arrays (Fig. 3).
Using the moving Preisach model,28,33 that also takes
into consideration the interactions between the mathematical
hysterons, the interaction field at saturation can be approxi-
mated by28
Hint;sat ¼ 2rint  k; (3)
where rint is the standard deviation of the interaction field
distribution (assumed constant at a given particle site but
FIG. 2. FORCs (insets) and FORC diagrams of Co NW and NT ordered hexagonal arrays with different diameters and lattice parameter of 102 nm, when
applying the magnetic field parallel to the wire/tube long axis.
FIG. 3. Magnetic interactions, extracted from the FORC diagrams in Fig. 2,
as a function of the wire/tube diameter. Inset shows the cross-section of the
FORC diagram along the Hu axis for NW and NT arrays with d  50 nm.
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varying randomly from site to site),34 and k is related with
the mean interaction field kM=MSat, that can be parallel
(k > 0) or antiparallel (k < 0) to M.
Analyzing, the theoretical FORC diagrams reported by
Beron et al.28 using the moving Preisach model and different
combinations of (k, rint) values [(0, 250); (500, 500);
(250, 10)],28 and comparing them with our experimental
data (Table I), we see that our NT arrays behave like systems
with k  0, while NW arrays are comparable to systems with
jkj  jrintj and k < 0. The NT arrays can therefore be consid-
ered as almost non-interacting systems, where the mean inter-
action field is close to zero and there is only a small local
interaction field (Fig. 2). The NW arrays present a much
broader distribution of the interaction field along the Hu axis,
which is attributed to the presence of a mean interaction field
antiparallel to M (k < 0). As previously reported, the stray
field of the NW array will induce an antiferromagnetic-like
coupling between NWs creating a macroscopic demagnetizing
field.23,32,35–37 The inset of Fig. 3 corresponds to the cross-
section along the Hu axis for NW and NT arrays with
d  50 nm. A sharp (broad) distribution can be seen for
the NT (NW) arrays. From the theoretical FORC diagrams
of Ref. 28, sharp peaks were obtained when considering
DHu ¼ Hint;sat with k  0 and rint ¼ 250Oe, while broader
distributions resulted when using k¼ –500Oe and
rint ¼ 500Oe. In fact, for the NW and NT arrays with
d  50 nm, we estimated DHu  1500 and 500Oe, respec-
tively. If we consider jkj ¼ jrintj for the NW array and k¼ 0
for the NT array, we obtain jkj ¼ jrintj ¼ 500Oe and
rint ¼ 250Oe, respectively. The good agreement found
between the experimental cross-sectional plots along the Hu
axis (inset of Fig. 3) and the theoretical FORC diagrams
reported in Ref. 28, reinforces our statement that the mean
interaction field for NT arrays is very low, while that of NW
arrays is much stronger and antiparallel to M. It has also been
reported from theoretical calculations,28 that the distribution
top along the Hu axis becomes flatter with increasing jkj=rint,
indicating an array where all nanomagnets experience similar
magnetostatic interactions. In the inset of Fig. 3, we can al-
ready observe a flatter top in the Hu profile of the NW arrays,
revealing a more homogeneous distribution of magnetostatic
interactions between NWs than between NTs.
Figure 4 shows a comparison between HFORCc and the co-
ercive field measured from the major hysteresis loops (HHystc ),
with the applied field parallel to the wire axis, for both NW
and NT arrays. The decrease of HHystc and H
FORC
c with the
increase of NW/NT diameter is confirmed. For the NT arrays,
we found HFORCc  HHystc . Since HFORCc is assumed to be
related with the switching field of single nanoelements, the
fact that its value is similar to HHystc is an additional evidence
that the mean interaction field can be neglected in NT array
systems. For the NW arrays, due to the high coercivity distri-
bution present in the FORC diagrams for d  40 and 50nm,
we were not able to extract the correct value of HFORCc . One
should also note that the magnetization reversal mechanisms
reported for NWs are much more complicated than the ones
expected in NTs, which may explain the sharper and better-
defined distribution of coercivities exhibited in the latter case
(Fig. 2). Additionally, the FORC diagrams presented in Fig. 2
illustrate a coercivity distribution along the Hc axis for all NW
arrays, and for NT arrays with smaller outer diameters
(40 nm). However, for NT arrays with d  50 and 65 nm
such coercivity distribution is practically inexistent. This may
be attributed to different magnetization reversal mechanisms
for the NW and NT arrays, specially at larger diameters
( 50 65 nm), where the differences in HFORCc distributions
are more pronounced. The FORC analysis thus allows one to
extract quantitative knowledge on the interaction field, aver-
age individual coercivity and overall array anisotropy, which
can help in the interpretation of the magnetization reversal
mechanisms. However, for a deeper understanding of the re-
versal processes occurring in NW or NT arrays, additional in-
formation must be retrieved using complementary
measurements, such as the angular dependence of the coerciv-
ity that will be presented in Sec. III B.
B. Magnetization reversal
In order to obtain further insights into the magnetic
properties of Co NW and NT arrays, magnetic hysteresis
loops were measured at different angles (h) between H and
the NW/NT long axis. Figure 5 shows the magnetic hystere-
sis loops measured for Co NW and NT arrays, with
d  50 nm. A monotonic decrease of the coercive field (Hc),
from h ¼ 0 to 90 can be seen for the NW arrays, as
expected. However, for NT arrays, a non-monotonic behav-
ior of Hc is present, evidenced by an increase in Hc for
h > 0, followed by a decreasing trend for h > 60.
TABLE I. Interaction field values (DHu) extracted from the FORC diagrams
and respective estimated (rint, k) values for Ni NW and NT arrays with dif-
ferent diameters.
NTs (k  0Oe) NWs
d (nm) DHu (Oe) rint (Oe) DHu (Oe) jkj  jrintj (Oe)
40 500 250 1050 350
50 500 250 1500 500
65 900 450 4050 1350
FIG. 4. Coercive field along the parallel direction, extracted from the maxi-
mum value of the FORC diagrams (HFORCc ) in Fig. 2, and from the major
magnetic hysteresis loops (HHystc ), as a function of the NWs/NTs diameter.
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The squareness (S), defined as the ratio between rema-
nence (MR) and saturation (MSat) magnetization, was meas-
ured for all samples as a function of h (inset of Fig. 5). A
maximum S value was observed when h ¼ 0, corresponding
to H parallel to the NW/NT axis. Inset of Fig. 5 shows a good
agreement between the experimental results (dots) and theo-
retical calculations (line), performed using SðhÞ ¼ S0jcos hj,
where S0 ¼ Sðh ¼ 0Þ.15
To investigate the magnetization reversal processes of
Co NW and NT arrays, we analyzed the angular dependence
of Hc. Previous works reported analytical calculations of the
magnetic reversal modes [coherent (C) magnetization rota-
tion, and transverse (T) and vortex-like (V) domain walls]
that are energetically more favorable for high aspect ratio
NWs and NTs.8,13–15,20,27,38–40 For analytical calculations it
is important to define the parameter b ¼ di=d, where di and d
are the NT inner and outer diameters, respectively, (Fig. 5).
Figure 6 shows the angular dependence of the coercivity
for Co NW and NT arrays. From the analytical calculations
one expects the magnetization reversal mechanism to corre-
spond to the mode that offers the lowest coercivity values.
From the good agreement obtained between our experimen-
tal results and the analytical calculations of the angular de-
pendence of coercivity (Fig. 6), we can identify the reversal
processes that occur in each NW/NT array system. One
should note that the model used for the analytical calcula-
tions does not take into consideration the magnetic interac-
tions between the NWs/NTs. However, the FORC analysis
presented in Sec. III A allowed us to deduce that the NT
arrays behave as almost non-interacting systems, while the
NWs exhibit higher values of magnetostatic interactions.
This can explain the better agreement found between the an-
alytical calculations and the experimental data for the NT
arrays (Fig. 6).
For all the Co NW arrays studied (d  40 65 nm) we
can deduce that the spins reverse by the nucleation and prop-
agation of a transverse DW [Figs. 6(a)–6(c)]. As previously
reported,13 the magnetization on a NW with a length larger
than the domain wall width is expected to reverse by the
nucleation and propagation of a DW.
For Co NT arrays with small diameters (40 nm) the re-
versal mode was also found to occur by the nucleation and
propagation of a transverse DW [Fig. 6(d)]. However, when
the NTs outer diameter becomes larger than 50 nm, a tran-
sition between two different reversal modes can be identified
[Figs. 6(e) and 6(f)]. At small angles of H the nucleation of a
vortex wall was found to be energetically favorable. Only for
higher angles, where H is almost perpendicular to the NT
long axis, is the reversal mechanism given by the propaga-
tion of a transverse DW. Comparing NT arrays with d  50
and 65 nm [Figs. 6(e) and 6(f), respectively], we can also
observe that the critical angle (hc) of H at which the transi-
tion from a vortex to a transverse DW occurs depends on the
NT outer diameter. For d  50 nm, we obtained hc  55,
while for d  65 nm, the critical transition angle reaches
hc  67. One should note that the outer and inner diameters
of a NT array will highly influence the type of DW that is en-
ergetically more favorable to nucleate. Therefore, tuning the
FIG. 5. Magnetic hysteresis loops of ordered
Co NW (left) and NT (right) arrays with
d  50 nm and di  30 nm, measured at dif-
ferent angles of H, in 10 steps. Inset shows
the angular dependence of squareness
(dots—experimental data and line—theoret-
ical calculations).
FIG. 6. Angular dependence of the coercive
field measured experimentally (dots) and
calculated analytically (C mode: black
solid; T mode: green dashed; and V mode:
orange dotted) for Co NW and NT arrays in
NpATs with different outer diameters.
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outer/inner diameters of the NT arrays allows one to control
the magnetization reversal mechanisms for the different
angles of applied magnetic field.
IV. CONCLUSIONS
The here presented results allowed us to deduce the mag-
netization reversal mechanisms in both studied systems.
While Co NW arrays with d  40 65 nm and NT arrays
with d  40 nm reverse their magnetization by the nucleation
and propagation of a transverse-like DW, NT arrays with d 
50 65 nm nucleate a vortex-like DW. On the other hand, the
FORC diagrams shown in Fig. 2 reveal a coercivity distribu-
tion along the Hc axis in all NW arrays and NT arrays with
d  40 nm. However, for the remaining NT arrays such coer-
civity distribution is practically inexistent. This shows that
magnetization reversal by the nucleation and propagation of a
transverse wall increases the coercivity distribution along the
Hc axis of the FORC diagram, while the nucleation and propa-
gation of a vortex DW does not affect the corresponding coer-
civity distribution.
Also, the quantitative analysis of FORC measurements
allowed us to obtain the profiles of magnetic interaction and
coercive field distributions. NW arrays exhibited stronger
magnetic interactions than the NT arrays, although in both
cases they were found to increase with increasing diameter
of the NWs/NTs. The angular dependence of the coercivity
of Co NW and NT arrays with different diameters (between
40 and 65 nm) was also measured. For NTs with d  50 nm,
we reported experimental evidence for an angular dependent
transition of the magnetization reversal modes, which had
been theoretically predicted. Analytical calculations allowed
us to identify a transverse reversal mode for NW arrays with
d  70 nm and NT arrays with d < 50 nm, and a transition
between vortex and transverse reversal modes for NTs with
d  50 nm.
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